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ABSTRACT
We analyze the GAIA release II data to demonstrate how one can measure the absolute total intrinsic
redshifts of the main sequence stars and red giants. We remove the relative velocity components of the
stars’ motion with respect to the sun by doing the analysis in the local standard of rest (LSR) frame
defined by the average stars’ motion. We provide results for four different types of stars. F, G and K
types of stars have about the same value of intrinsic redshift, which is however much smaller than the
expected gravitational redshift. This indicates that the GAIA’s data include convective blueshift effect
of a several hundreds m/s magnitude. The red giants’ intrinsic redshifts are negative, which implies
that their convective blueshift is stronger than the gravitational redshift. This is expected since red
giants are far less compact than other types.
1. INTRODUCTION
Various techniques utilized in observational astrophysics enabled us to measure general relativistic effect such as
gravitational redshift of distant stars. The first confirmed measurement of gravitational redshift of a distant star comes
from the measurement of the apparent radial velocity of a while dwarf, Sirius B (Adams 1925). The sun’s gravitational
redshift has also been measured (see a review in (Takeda & Ueno 2012)). Recently the gravitational redshift was
observed from the star S2 orbiting around the massive black hole candidate SgrA* (Gravity Collaboration et al. 2018).
Apart from the sun, which is the closest, and white dwarfs which have very strong gravitational redshift, it is possible
to measure gravitational redshift in a group of comoving stars by comparing average redshifts of different types of stars
and removing the (Doppler) velocity redshift. This method has a shortcoming that it provides only a relative rather
than absolute gravitational redshift. In addition, it was found in (Pasquini et al. 2011) that the M67 open cluster
does not produce an expected signal. The discrepancy can be caused by the convective blueshift which is wavelength
dependent (Meunier et al. 2017a,b). It is also possible to measure radial velocities using astrometric methods without
involving spectroscopic data(Dravins et al. 1999). The intrinsic redshift can be extracted by comparing astrometric
and spectroscopic radial velocities. Based on this method, Lea˜o et al studied the Hyades open cluster and found that
red giants have more blueshifted spectra than the dwarfs(Lea˜o et al. 2018). However, there are very few data sets that
include both spectroscopic and astrometric radial velocities, so methods based on analyzing only spectroscopic radial
velocities data are still very useful.
In this paper we demonstrate how one can extract absolute total intrinsic redshifts of the main sequence stars and
red giants. This intrinsic redshift is usually dominated by the surface gravity of the star (which is purely a general
relativistic effect), however it also includes the convective blueshift which cannot be easily removed without additional
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Figure 1. This HR diagram includes stars whose distance to the sun is from 0.05kpc to 1kpc. Only a small fraction (1/200)
of stars we use are drawn in this diagram.
information. A straightforward way to measure the total redshift effect is to observe a star at rest with respect to us.
This is practically impossible, due to the stars relative motion with respect to the sun. However, we can circumvent
the problem by using a local standard of rest (LSR) frame as the coordinate system of average stars’ motion (Scho¨nrich
et al. 2010; Cos¸kunogˇlu et al. 2011; Huang et al. 2015). Then, we can use these coordinates to study the gravitational
redshift. Such procedure was previously utilized in (Falcon et al. 2010) to analyze gravitational redshift of 449 non-
binary white dwarfs. Since gravitational redshift of white dwarfs is 2−3 orders of magnitude stronger than that of the
main sequence stars, several hundred stars are enough for the procedure to work. For the same method to be useful
for the main sequence stars, this number must be much higher.
2. DATA AND METHOD
In this work we use the GAIA data release II. GAIA sky survey charts a three-dimensional map of our Galaxy, the
Milky Way, revealing the composition, formation and evolution of the Galaxy(Gaia Collaboration et al. 2016, 2018).
The star morphology can be obtained from the HR-diagrams in (Gaia Collaboration et al. 2018,?). In our study, we
concentrate on the kinematics information of the nearby stars. The HR-diagram for stars within 1kpc from the sun is
shown in fig. 1. Most of the stars’ surface temperatures range are from 3500k to 8000k. This covers the F, G, K, and
the red giant types, and therefore we will mainly focus on these four groups.
GAIA data provide the total redshift of the stars. This means that both the gravitational and Doppler redshift
effects are included. To distinguish between these two effects, the redshift velocity Vr(Cropper et al. 2018; Katz et al.
2018; Soubiran et al. 2018) and the transverse velocity, VRa and VDec (in the right ascension and declination direction),
must be considered simultaneously. VRa and VDec are measured relative to the sun. Vr is measured from the star’s
spectral redshift, which does not directly represent the relative velocity to the sun along the line of sight direction.
Vr includes the Doppler redshift due to the star’s motion, gravitational redshift, and convective blueshift due to the
motion of the material close to the star’s surface. We can separate Vr in two components as
Vr = vr + vs. (1)
Here, vr is the star’s relative velocity with respect to the sun along the line of sight direction, while vs is the combination
of the star’s gravitational redshift, vg, and convective blueshift, vc. The vg component is about the same for the same
type of stars, since the star’s mass and radius do not change much within the class. However, vc can be strongly
dependent on the observation wavelength (Meunier et al. 2017a,b). It was found in (Meunier et al. 2017a,b) that
the convective blueshift can be several hundreds of m/s in the GAIA’s wavelength region. Many additional effects
can in principle affect the results. For example, gravitational potential of the galaxy can affect the radial velocity
measurements (Lindegren & Dravins 2003). However, since our stars are within 1kpc, the redshift from the Milky
way’s gravitational potential is only several tens of m/s. This is one order of magnitude smaller than vr, so we neglect
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Figure 2. The distribution of the stars’ vertical velocity components (Eq. 2). The distances between the stars and the sun
range from 0.05kpc to 0.5kpc. Only stars with temperatures between 5200K to 6000K (G-type stars) and radius between 0.8 to
1.2 are included. The distribution is normalized to a maximum magnitude of 1.
it in the study. Relativistic effects due to the difference between the proper and coordinate time (as defined by an
adopted metric) can also affect the radial velocity measurement. However, this effect is about several m/s and can be
safely neglected in our study(Lea˜o et al. 2018; Lindegren & Dravins 2003). Stellar rotation and activity can also affect
the spectral radial velocity measurement. The magnitude of the stellar rotation effect is expected to be about several
10m/s in (Lea˜o et al. 2018), though Lindegren & Dravins expect a value of several 100m/s(Lindegren & Dravins 2003).
Since it is very difficult to have such a detailed information about every single star, we just assume that these effects
are randomly distributed and therefore statistically canceled out. Finally, the effect of stellar activity is expected to
be several 10m/s(Lea˜o et al. 2018; Lindegren & Dravins 2003). It appears that the surface gravitational redshift and
convection blueshift are the dominant effects, while the other effects are smaller than our precision, so we primarily
focus on them.
Our main goal is to extract vs from Vr, VRa and VDec. It is possible to remove the relative velocity components
by doing the analysis in the local standard of rest frame. A star’s velocity in this frame can be labeled as (U, V,W ),
where U , V and W are velocities in the galactic radial, rotational, and vertical direction respectively. Accordingly,
the sun’s velocity in the same frame is (U, V,W). In the local standard of rest frame, all the stars are moving in a
group, and the average values of all three components, U¯ , V¯ and W¯ , should not be far from 0. Unfortunately, this is
not completely correct. The U and V components are more complicated (Scho¨nrich et al. 2010; Francis & Anderson
2014), since U is not completely symmetric (Scho¨nrich et al. 2010), and the galaxy is expanding in radial direction
(Siebert et al. 2011). Thus, the contribution of U and V on measuring vs are not easily estimated. W on the other
hand is expected to be symmetric, since Milky Way is basically cylindrically symmetric. We therefore analyze the
stars velocities in the vertical direction. The vertical component is then
(Vr rˆ + VDecδˆ + VRaαˆ) · zˆ = W −W + vs cos(b). (2)
Here, δ and α are declination and right ascension in the equatorial coordinate system respectively. rˆ, δˆ and αˆ are the
unit vectors in three relevant directions. zˆ is the galactic north pole direction. The declination and right ascension
of the galactic north pole’s direction are αg = 192.85948
◦ and δg = 27.12825◦. b is the galactic latitude. The right
hand side of equation 2 is theoretical expectation, while the left hand side is what we fit. Since the values of W are
randomly distributed, they can be treated as noise, while the relevant information to be extracted is in quantities vs
and W. Fig. 2 shows the left hand side of equation 2. The distribution is practically spherically symmetric, except
some small bumps.
The data are separated into four different groups corresponding to different types of stars: F, G, K, and red giants.
F type includes star surface temperatures from 6000K to 7500k, and star radii from 1.15R to 1.4R. We use the
total of 134697 F type stars in our analysis. G type includes star surface temperatures from 5200K to 6000k, and star
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radii from 0.8R to 1.2R. We use the total of 361157 G type stars in our analysis. K type includes stars surface
temperatures from 3700K to 5200k, and star radii from 0.7R to 1R. We use the total of 137456 K type stars in our
analysis. Red giant type includes stars surface temperatures from 3700K to 5200k, and star radii larger than 10R.
We use the total of 155721 red giants in our analysis. All the stars are between 0.05pc to 1kpc away from the sun.
Since a main sequence star’s surface gravitational redshift is around several hundreds of m/s, and the vertical velocity
component is about several tens of km/s, we need tens of thousands of stars to achieve the signal to noise ratio around
one. We therefore include several hundred thousands of stars of each type in our analysis, which should be enough to
study the star’s intrinsic redshift effect.
We did not include all the stars within 1kpc from the sun, because the stars’ radii are not always given very precisely.
Fortunately, the catalog gives the stars’ radii for the main sequence stars and red giants, which is sufficient for the
main aim of our study. We choose only stars with radii larger than 10R as red giants, in order to avoid overlap with
other large stars. We discard all of the other stars. The number of stars we included within these four types is quite
sufficient to distinguish the signal from the noise.
3. RESULT
We fit the vertical data with Eq. (2), using the standard minimal χ2 analysis. Both W and a star’s redshift can
be obtained at the same time. The error for each data point is assumed to be the same, and can be estimated from
vertical component’s standard deviation, which is about several tens of km/s. Fig. 3 shows W from different type
of stars. The values for W for F type stars are a bit lower than the values for other types. The apparent difference
might come from systematic errors, or from the stars’ spatial distribution (Scho¨nrich et al. 2010; Cos¸kunogˇlu et al.
2011; Huang et al. 2015). However, this is still within 3σ, so it should not matter much. In the literature, the measured
values for W range from 3.6km/s to 10km/s (Huang et al. 2015). The result depends on the samples and models used
in analysis. With our fitting strategy, the local standard of rest’s velocity should be close to the average value of stars’
vertical motion. Since different types of stars cover different regions of space, this may cause the above mentioned
discrepancy.
Fig. 4 shows vs (the total gravitational and convective blueshift) from different types of stars. F, G and K have
about the same vs. This value, however, is much smaller than the expected gravitational redshift, which is about 600
m/s. This may confirm that the GAIA’s data does indeed include convective blueshift effect of a several hundreds m/s
magnitude(Meunier et al. 2017a,b). The red giants vs are much smaller than those of the main sequence stars. This
is consistent with the theoretical prediction. Since red giants vs are negative, their convective blueshift, vc, must be
stronger than its gravitational redshift, vg. This is also expected since red giants radii are much larger, and therefore
vg is expected to be smaller. The difference in vs values between G-type stars and red giants is ∆vs = 0.53±0.13 km/s,
which is consistent with the expected difference coming from gravitational redshift (≈ 600m/s). We note however that
in this study we do not know the exact convection blueshift contribution for different types of stars.
4. CONCLUSION
In conclusion, we presented here the first measurement of the absolute total intrinsic redshifts (which include surface
gravity plus the convective blueshift) of the main sequence stars and red giants using GAIA data. The obtained
values are consistent with the theoretical expectations. As a next step, it would be very important to separate the
surface gravity from the convective blueshift effect. If mass and radius of a star are known, then one can calculate the
gravitational potential and extract the net convective blueshift effect. This can perhaps be done in binary systems.
D.C Dai was supported by the National Science Foundation of China (Grant No. 11433001 and 11775140), National
Basic Research Program of China (973 Program 2015CB857001) and the Program of Shanghai Academic/Technology
Research Leader under Grant No. 16XD1401600. ZL was supported by the Project for New faculty of Shanghai Jiao
Tong University (AF0720053), the National Science Foundation of China (No. 11533006, 11433001) and the National
Basic Research Program of China (973 Program 2015CB857000). DS was partially supported by the NSF grant PHY
1820738.
This work has made use of data from the European Space Agency (ESA) mission Gaia (https://www.cosmos.esa.
int/gaia), processed by the Gaia Data Processing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/
Measuring the absolute total intrinsic redshifts of the main sequence stars and red giants 5
F G K r e d  g i a n t7 . 5
7 . 6
7 . 7
7 . 8
7 . 9
W(k
m/s
)
t y p e  o f  s t a r
Figure 3. The sun’s vertical velocity, W, with respect to the LSR. The error bars are 1σ. The values for W are quite
consistent for the four different types of stars (F, G, K, and red giants).
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Figure 4. We plot here the total intrinsic redshift (gravitational plus convective blueshift) represented by the velocity vs
for different types of stars. The error bars are 1σ. The red giants’ redshift values are negative, which implies that their
convective blueshift is stronger than the gravitational redshift. F,G and K types have about the same value of vs, which is
larger than the red giants value. The gravitational redshift difference between the sun and a 10 solar radii giant is about 570
m/s. The difference can be larger for an even larger red giant. The difference in vs values between G-type stars and red giants
is ∆vs = 0.53 ± 0.13 km/s, which is consistent with the expected difference coming from gravitational redshift (≈ 600m/s),
though the exact convection blueshift contribution is not known here.
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